We present the results from a novel experimental apparatus that can image -at the micron scale -fluid displacements at elevated temperatures and pressures.
Introduction
Saline aquifers present an attractive location for the storage of anthropogenic carbon dioxide emissions due to their large capacities and wide geographical spread (Lackner 2003 , Hawkes et al. 2005 , IPCC 2007 . The aquifers of interest are typically at depths below 800m as the carbon dioxide would reside in the pore space as a dense supercritical fluid (scCO 2 ), increasing storage capacities. Once injection takes place, a number of different trapping mechanisms would immobilise the scCO 2 and prevent it from escaping from the formation. Over long time scales scCO 2 will dissolve into the formation brine (Ennis-King and Paterson 2002) and precipitate solid minerals (Lin et al. 2007 ). An important storage mechanism for injected scCO 2 over medium time scales is capillary trapping, where formation brine either spontaneously imbibes into the tail of the rising scCO 2 plume, is co-injected with CO 2 ,or is injected subsequently after CO 2 injection as a chase brine (Juanes et al. 2006 , Qi et al. 2009 , Hesse et al. 2008 ). This causes scCO 2 to be immobilised in pore-scale droplets (ganglia) trapped by surface forces.
Multi-phase scCO 2 flow behaviour is highly dependent on thermo-physical properties such as interfacial tension and contact angle, which are in turn a strong function of system conditions such as temperature, pressure and brine salinity (Li et al. 2012 , Spiteri et al. 2008 , Espinoza and Santamarina 2010 . This complex combination of variables means that experiments at conditions representative of the subsurface are essential for full understanding of subsurface flow processes. X-Ray microtomography (µCT) has developed as a technique over the last 25 years from early attempts to visualise both dry geologic samples (Flannery et al. 1987 ) and multiple fluid phases (Jatsi et al. 1993) to the foremost method for the non-invasive imaging of rock cores at ambient conditions, applied to modelling and experimental interpretation , Cnudde and Boone 2013 , Wildenschild and Sheppard 2013 . Imaging multiple fluid phases at high (µm) resolution in the pore space of rock at conditions representative of geological formations has, however, remained a challenge. To date only two studies have demonstrated successful imaging of the residual trapping of scCO 2 in the rock pore space: one in a sandstone ; and one in a carbonate (Andrew et al. 2013) . We compare new results from the same rock type as presented in (Andrew et al. 2013 ) to those obtained on Bentheimer Sandstone, providing new insights into the trapping process.
Experimental Method 2.1 Apparatus and Preparation
The experimental apparatus is summarised in Figure 1 . The experiments were conducted on a homogenous limestone and a well-consolidated sandstone. The limestone used is Ketton Oolite, from the Upper Linconshire Limestone Member (deposited 169-176 million years ago) and the sandstone is Bentheimer Sandstone. The basic properties of these rocks are shown in Table 1 . ).
The rocks were drilled into cylindrical cores 6mm in diameter and 25mm-35mm in length. These cores were then placed within a flouro-polymer elastomer (Viton) sleeve, which was attached to pore-fluid flow lines and placed in a hightemperature high-pressure modified Hassler-type flow-cell. In order to prevent scCO 2 exchange across the Viton sleeve, the core was isolated with three separate layers of aluminium wrapped around the core; one between the core and the Viton sleeve, another between the Viton sleeve and the thermocouple, and a third between the thermocouple and the confining fluid.
The central section of this core-holder is made of M55 carbon fibre, with a maximum working pressure of 50MPa, improving on previous designs . The carbon fibre is largely transparent to x-rays and strong enough to allow for the cell to be small enough to allow for a large amount of geometric magnification of the conical x-ray beam. The fluid flow lines were 1.59mm diameter Polyether Ether Ketone (PEEK) tubing (www.kinesis.co.uk, Part Number: 1560xL). This tubing is highly flexible and allows the core-holder to be kept stable during the image acquisition process.
When CO 2 is injected into a saline carbonate aquifer it will dissolve in the resident brine, forming carbonic acid, which will in turn start to react with and dissolve any calcite present. In order to examine only multi-phase flow effects on residual saturation (representative of subsurface conditions far from the injection site), these processes have to be negated. This was achieved by pre-equilibrating the scCO 2 , brine and rock in a heated reactor containing small particles of rock stirred using an entrainment stirrer (Parr Instruments Co., IL, USA). For the sandstone experiments only the scCO 2 and brine were equilibrated and rock particles were not placed into the reactor. Precision syringe pumps (1000D, Teledyne ISCO, NE, USA) were used to control flow and maintain pressures in the system with a high accuracy.
Temperature in the core-holder was maintained using an external Kapton insulated flexible heater (Omega Engineering: www.omega.co.uk, Model KH Series) connected to a custom built PID controller and a thermocouple sitting in the confining annulus of the cell (Omega Engineering: www.omega.co.uk, Model: KMTSS-IM025U-300). The temperature was set at 50 o C and was seen to be constant throughout the experiment. The brine used was composed of 7wt% KI. KI was used to increase the contrast between the scCO 2 and the brine on the reconstructed micro-CT images. The concentration, representative of aquifer salinities, was tuned so that the reconstructed greyscale value was intermediate between the greyscale value of scCO 2 and the solid phases, easing the segmentation process.
Injection Strategy
Fluids were injected under "unsteady state" conditions, consisting of the following steps:
1) The reactor was brought up to pressure and temperature and vigorously mixed.
2) A confining pressure of 11 MPa was established.
3) The pore space was filled with KI doped un-equilibrated brine, and raised up to the pressure of the reactor.
4) >1000 pore volumes of equilibrated brine were flushed through the core at ambient temperatures (around 20 o C).
Any existing gas dissolves in the brine during this flood, ensuring 100% initial brine saturation. 5) 1 ml (around 10 pore volumes) of scCO 2 was passed through the core at very low flow rates (1.67×10 -9 m 3 /s). During this time 2D projections were continually taken, as the decline in x-ray absorption due to scCO 2 displacing brine can be seen. 6) 1ml (around 10 pore volumes) of equilibrated brine was then passed through the core at the same low flow rate (1.67×10 -9 m 3 /s).
After steps 5 and 6, three-dimensional (3D) images were acquired. 
Image Acquisition
3D images were reconstructed using proprietary software on the Versa system. The entire scan consisted of 5 overlapping sections stitched together, with each individual section consisting of a roughly 1,000 voxel 3 volume reconstructed from a set of 400 projections. The final volume was then cropped to around 1,000×1,000×3,200 voxels. Each volume took 15-20 minutes to acquire, with entire scan taking around 90minutes.
Image Processing
After acquisition images were processed to increase the signal to noise ratio. The raw reconstructed scans were filtered using a non-local means edge preserving filter (Buades et al. 2005 (Buades et al. , 2008 . Image segmentation of partially saturated images containing multiple fluid phases is considerably more complex and more arbitrary than the segmentation of dry images (Sheppard et al. 2004 ). Simple grey-scale segmentation is insufficient, so segmentation based on seeded watershed algorithms was used. This eliminated much arbitrary voxel misidentification inherent in simple grey-scale segmentation and also eliminated partial volume artefacts. The image processing workflow is shown in Figure 2 .
All image processing was conducted within the Avizo Fire 7.0 (Visual Sciences Group, www.vsg3d.com) and imageJ programs. 
Results and Discussion
The apparent porosity evaluated from the µCT image is 0.1373 for Ketton and 0.22 for Bentheimer. In the carbonate the presence of micro-porosity at scales not resolved by the microCT causes the apparent porosity to be lower than that observed using helium porosimetry. These pores have high capillary entry pressures (>0.1MPa, from mercury injection analysis) compared to that generated during this experiment (<0.01MPa), so remain saturated with brine for the duration of the experiment. The segmented images were analysed to find the residual CO 2 saturation for each of the experimental runs. This is done by computing the total number of voxels containing trapped scCO 2 . As the total volume of the rock is known, we can compute the fraction of the rock containing trapped scCO 2 -the capillary trapping capacity. This can then be converted into a residual saturation by dividing by the porosity of the rock (obtained by helium porosimetry). The capillary trapping capacity of Ketton was 0.047±0.003, representing a residual saturation of 0.202±0.012; for Bentheimer the trapping capacity was 0.0704±0.0021, representing a residual saturation of 0.320±0.009. Similar experiments have been conducted with larger cmsized cores of Ketton and Berea, a comparable consolidated sandstone, where the residual saturation was similar: a trapping capacity of 0.032±0.003 for Ketton with a residual saturation of 0.137±0.012 (El-Maghraby 2013), and a trapping capacity up to 0.077 with a residual saturation of 0.35 for Berea . Greater trapping was found in the sandstone, as would be expected if the sandstone were more strongly water-wet (Espinoza and Santamarina 2010) . The more trapping seen in the micro-flow cell in Ketton could be due to finite size effects and the confined flow domain of the smaller core, preventing the displacement of some of the CO 2 which may be mobile in a larger domain.
A B
The injection of brine to form residual scCO 2 is an imbibition process. Wetting fluid invades the pore space, displacing non-wetting fluid. The wetting phase fills areas of the pore space in order of size, the smallest pores being filled first (Roof 1970) , thus trapping the non-wetting phase as a percolation-like process (Dias and Wilkinson 1986 ). The isolated clusters should obey a power law cluster size distribution: the number N of clusters of volume s (measured in voxels) should scale as ~ with an exponent of τ=2.189 (Lorenz and Ziff 1998) . Very small and very large ganglia will, however, be suppressed in real systems as ganglia can neither be smaller than the typical pore-size nor larger than the system size. The effect of the cutoff at large ganglia is minimised by the examination a stitched volume of large size. The effect of the cutoff at smaller ganglia can be quantified by examining the distribution of pore sizes, obtained from a topological analysis of the pore-space (Dong and Blunt 2009 ). Typical pores have radii of around 40µm in Ketton and 20µm in Bentheimer, corresponding to a lower cut-off for N(s) of around 1,000 voxels. Figure 4 shows / ~ for the different experiments. A best-fit power law is obtained by using the maximum likelihood estimator, helping to reduce biases due to small numbers of large ganglia. Our average exponent is 2.39±0.12 in Ketton and 3.0±0.3 in Bentheimer, which is significantly higher than the theoretical value obtained from percolation theory, 2.189 (Lorenz and Ziff 1998) , and the results of pore-scale modelling for a strongly waterwet system, 2.05 (Blunt and Scher 1995) . The sandstone exponent is higher than that seen in limestone, indicating more trapping of small clusters in the sandstone. This indicates that more of the residual scCO 2 is contained in ganglia of 1 or a few pores, and fewer span many pores. This points to a greater storage security, as the smaller the ganglia, the poorer the nonwetting phase connectivity, and so the more difficult the scCO 2 is to remobilise after brine injection. In these experiments the largest single ganglion contributed negligibly (5±2% in Ketton and 1.3±0.3% in Bentheimer) to the total residual saturation, indicating that the entire population of ganglia is statistically well represented.
These results confirm the conclusion from studies of larger core-floods (El-Maghraby and Blunt 2013, El-Maghraby 2013) that scCO 2 behaves as the non-wetting phase in both carbonates and sandstones, while brine behaves as the wetting phase. This contradicts some contact-angle measurements of scCO 2 -brine-mineral systems which show that scCO 2 may not be non-wetting under super-critical conditions (Espinoza and Santamarina 2010 , Jung and Wan 2008 , Kim et al. 2012 , Yang et al. 2008 ) implying reduced capillary trapping and -potentially -reduced storage security (Chaulbaud et al. 2010) . 
Conclusions
We have employed new apparatus to image non-invasively multiple fluid phases (scCO 2 and brine) at high pressures and high temperatures with a voxel size of 6.5µm in the pore space of carbonate and sandstone rock. This apparatus included a carbon fibre core-holder to maintain pressure pore pressures of 10MPa while remaining x-ray transparent and in-situ heating to maintain temperatures of 50 o C. After brine injection significant proportions of the scCO 2 were trapped in clusters ranging in size over 4 orders of magnitude, with residual saturations of 0.320±0.009 in Bentheimer sandstone and 0.202±0.013 in B C Ketton limestone. The trapped clusters obeyed an approximately power-law size distribution, with an exponent larger than that indicated from percolation theory, implying greater storage security than theoretically expected.
This method is readily applicable to other systems and other problems in porous media, and future work will include the examination of reaction, capillary pressure heterogeneity and in-situ contact angle measurement at conditions of temperature, pressure and geochemical equilibrium representative of storage aquifers, deep oil fields or other deep geological systems.
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